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Abstract
Melton, Charles Nathan. M.S. The University of Memphis. August/2012.
Optical Detection of Surface Damage on RTV 655 using a Laser Speckle Contrast
Technique – A Feasibility Study. Major Professor: Dr. Firouzeh Sabri
Surface damage to critical instruments during space exploration is a factor that
must be identified if it were to occur. A non-invasive remote sensing optical technique
for detecting surface damage on RTV 655 was investigated under different environmental
conditions. The adopted sensing mechanism utilizes speckle contrast fluctuations and
interference patterns created as a result of defect illumination with a 50 mW He-Ne laser.
Defects expected to occur in orbit were simulated in a laboratory environment and the
effect of defect geometry on the optical sensing technique was also explored. Compound
samples containing both RTV 655 and polyurea crosslinked silica aerogel microparticles
were damaged similarly as well. Speckle contrast measurements identified the existence
of surface defects at the onset of strain at 2.3 %. The type of defect was clearly visible in
the interference patterns collected suggesting both speckle contrast and interference
images are necessary to have an accurate representation of the defect.
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Chapter 1: Introduction
1.1 - The Need for an Optical, Non-Invasive Damage Detection Method
Materials utilized for a variety of industrial, scientific, and personal applications are
subject to different types and magnitudes of external forces on a regular basis, such as
weather, debris, human interaction, etc. Hence, the materials used begin to lose their
optimal performance abilities over time. Along with the change in the topography of
external surfaces, continued exposure to the elements and external forces can often
initiate a crack. Due to the initiation of these cracks, inspections of the material in
question must be conducted on a routine basis to ensure the component in question will
not fail prematurely. These inspections are often referred to as damage detection
techniques.

Fatigue-induced crack initiation, propagation, and damage detection has

been heavily studied regarding a variety of materials and components1-16. Computer
modeling has also been explored to study how cracks propagate17-18. Applying various
loads to a component to see how the crack propagates has also been explored16, 19, as well
as vibrational testing20. Lasers have been common tools for use in damage detection and
system diagnostics due to its non-invasive behavior21. More specifically, laser speckles
have been the focus of many studies regarding surface roughness and damage22-28.
Laser speckles occur when a reflected beam of light consists of many different
wavefronts. These wave fronts may either interfere constructively or destructively with
other wave fronts, and with the combination of both interferences, speckle patterns occur.
Scattered light intensity has been experimentally related to surface roughness of a
fatiguing sample, defined by a normalized density function

1

P(j ) =

p 2

ò

I(j )

(Equation 1)

I(j )d(j )

-p 2

where P() is the density function and I( is the intensity of the beam26, 29-30. The limits
in the above equation are theoretical, and in practice depend on the optical setup.
1.2 – Damage Detection for a New Orbital Cryogenic Fuel Tank
As various agencies plan for the future of exploration and discovery of outer space, such
as the National Aeronautic and Space Administration (NASA), optical, non-invasive
damage detection techniques must be developed to inspect new components during their
service lifetime and under operating conditions. Due to the nature of outer space, optical
techniques are ideal since light requires no medium to travel. Specifically, lasers, and
the study of the laser speckle phenomenon, are to be the tool of choice due to their level
of collimation, varying powers, colors, precision in aiming to name a few. For this study,
the room temperature vulcanization polymer known as RTV 655, a version of the
polymer Polydimethylsiloxane (PDMS) is chosen due to being a space qualified
elastomer. The author has previous background working with RTV 65531. This study
showcases the development of an optical analysis technique of diffraction patterns and
laser speckles created from the reflection of laser light off samples of RTV 655 with
varying damages created in the laboratory to test the feasibility of using this technique to
detect damage on a future orbital cryogenic fuel tank produced from RTV 655 and
polyurea crosslinked silica aerogels (PCSA). Problems to address, in terms of current
metallic fuel tanks, are the brittle nature of metals32, cracks formed by self-pressurization
2

due to heat transfer through the walls of the tank33, the need to vent the tank once selfpressurization has occurred34, and how to study possible crack propagations that may
exist within the material of the tank due to certain stresses associated with pressure14-15, 35.
RTV 655 is sought after for these properties due to its ability to operate over a large
temperature gradient: 213 K to 477 K36. Room temperature vulcanizing rubber
specifically RTV 655 is already in use by the space industry for several applications37-38,
and is a well-approved material. Aerogel becomes a factor due to seeking ways to reduce
the thermal conductivity of the material that composes the tank walls. Aerogel is an
extremely porous material, which makes it ideal for thermal insulation39. The
combination of these two properties, elastic behavior and thermal insulation, which has
already been studied40, is the focus behind the development of this novel compound
material.
There are different testing methods that could be chosen for this task. Acoustics
has been the choice of many non-invasive damage detection tests41-43, as well as
vibrational stylus to study the surface topography 44-45. Again, these choices must be
ruled out due to the lack of a medium for sound waves to travel through, and in terms of
the vibrating stylus, unconventional to test a surface that is in service, since most tests are
performed on samples in laboratory conditions. This work focuses on the feasibility of an
optical-based detection technique to identify the onset and the profile of a simulated
damage on the surface of the space qualified polymer RTV 655. Surfaces were studied
under ambient conditions as well as at low temperatures.

3

1.3 – Contents of the Thesis
The proposal for testing a damage detection method using laser speckles on the surfaces
of RTV 655 has been presented. Sufficient literature review has been performed to
become familiar with the topic at hand. Chapter 2 will consist of theory behind the
physics involved. Chapter 3 will focus on the materials and sample preparation
techniques. In Chapter 4 the experimental procedures will be discussed. Chapter 5 holds
the results and discussions, and finally Chapter 6 will focus on conclusions and
suggestions for future work.
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Chapter 2: Background Information
2.1 – Laser Theory
The laser, an acronym for Light Amplification by Stimulated Emission of Radiation, was
first proposed by Albert Einstein46. In a laser, light is emitted when, by the influence of
an electromagnetic field, an electron jumps from a higher energy state to a lower energy
state. This jump releases a photon with energy

E = hu =

hc

l

(Equation 2)

where h is Planck’s constant, c is the speed of light in vacuum, and is the wavelength of
the photon.
2.2 – Laser Speckle Theory
Lasers are a versatile tool, allowing them to be used in a variety of experimental setups.
Depending on the application for which the laser is needed, certain intensity must be
obtained. Intensity (I) is defined as

I=

P
A

(Equation 3)

where P is the power of the beam, and A is the area of the beam. When a beam suffers
some interference, whether it be with a surface of some material, or a slit of some kind,
the waves that make up the beam suffer path differences, intensity is changed, and
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diffraction patterns are formed. When said pattern encounters a wall or screen, one will
see a specular pattern, depending on the level of the intensity of the reflected beam.
One common factor studies utilizing laser speckles is the speckle contrast. Laser
speckle contrast is defined as

K=

sI
<I>

(Equation 4)

with I being the standard deviation between the intensity of each speckle, and <I> being
the mean intensity of the speckles.
2.3 – Specular Reflection
Specular reflection is the reflection of light off of a uniform surface. A pure specular
reflection obeys the law of reflection, which states the angle of reflection is equal of the
angle of incidence. As the surface gets rougher, more and more light scatters. Thus the
intensity of the reflected beam will be less than that of the incident beam. In the case
where surface irregularities are smaller than the wavelength of the beam, the relation
between surface roughness and scattered light has been studied via vector diffraction and
Bechmann scalar theory27-28. The reflection is considered diffused when the laser is
reflected at different angles, unlike specular reflection, where the beam as a whole is
reflected in the same direction. Consider a reflected beam off the surface of a damaged
sample. The beam can be interpreted in terms of its angular spectrum as the Fourier
transform of the reflectance obtained by the damaged surface. Let us call Ur(x,y,z) the
reflected complex amplitude, and A(fx,fy,z) its angular spectrum. We can relate these two
functions by
6

Ur (x, y; z) =

¥ ¥

ò ò A( f , f ; z)e p

2 i( f x x+ f y y)

x

y

dfx dfy

(Equation 5)

-¥ -¥

This shows that the reflected complex amplitude is simply the Fourier transform the
angular spectrum. Using a circular illumination aperture will cause a broadening of the
angular spectrum expressed as

AB ( fx , fy ) = A( fx , fy , 0) Ä B( fx , fy )

(Equation 6)

where B is the angular spectrum of the illuminating function, which for this study is in
the shape of a Gaussian, due to the beam not being focused. The broadening of the
angular spectrum at a distance z can be described as

AB ( fx , fy , z) = AB ( fx , fy )e

2pi

z

l

1-( l f x )2 -( l f y )2

(Equation 7)

Finally, after the wave has propagated some distance z, the reflected complex amplitude
can be written as

U B (x, y; z) =

¥ ¥

ò ò A ( f , f )e p

2 i( f x + f y )

B

x

y

dfx dfy

(Equation 8)

-¥ -¥

We can deduce that the B, the shape of the illumination point, controls the amount of
surface being analyzed, but also how much the angular spectrum will spread over some
distance.
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2.4 – Diffraction Patterns
After reflecting off the surface of a material, a diffraction pattern appears on the screen.
Diffraction patterns result from a beam of light that has encountered an obstacle and
experiences a path difference. Interference is defined as the result of two or more waves
colliding with each other. In practice, it is difficult to tell which phenomenon is
happening, which was pointed out by Richard Feynman47. The discrepancy, and thus the
dual-nature of light, was pointed out during the Young’s Double Slit experiment. When
light was passed through the double slit, it diffracted and interfered with itself, resulting
in the famous dark bands associated with the experiment. But at the screen, the light
acted as discrete particles. This delved light into the world of quantum mechanics, which
is beyond the scope of this work.
Several types of diffraction are studied. For example, there is the diffraction
through a diffraction grating. This behavior is defined by

nl = d sinq

(Equation 9)

where n is an integer,  is the wavelength of light, d is the width of the slit, and  is the
angle the diffracted beam travels with respect to its initial direction, as shown in Figure
2.1.
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Diffracted
Beam



Diffraction
Grating

Figure 2.1: Diagram of Experiment regarding Single Slit Diffraction
There also exists Fraunhaufer Diffraction, Young’s Double Slit, etc.
2.5 – Fiber Optics
Fiber optics is a recent invention that has seen much use in both experimental and
industrial applications. An optical fiber consists of two parts: the core and the cladding.
Both materials have slightly different index of refractions. Due to this, light traveling
through the core at less than the critical angle will be experience total internal reflection
(TIR), and travel down the core. Total internal reflection occurs when a light ray strikes
one material with a certain index of refraction when it is traveling from a different
material. Snell’s Law relates the light ray passing through two different materials and the
angles which they intersect the normal:

9

n1 sin(q1 ) = n2 sin(q2 )

(Equation 10)

The critical angle c is obtained when solving Equation 10 for 1, with 2 = 90°, yields
the critical angle, giving

n
n1

q1 = q c = sin -1 ( 2 )

(Equation 11)

Thus the critical angle is calculated. Typically, core diameters vary from 400 m to 1000
m, and cladding of 1100 m in diameter. The cladding is then covered with armor to
prevent damage. The wavelengths of light that can travel through the fiber successfully
depend on the index of refraction of the core.
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Chapter 3: Materials and Sample Preparation
3.1 – Preparation of RTV 655 Samples
The room temperature vulcanization polymer RTV 655 is a form of the polymer
Polydimethylsiloxane (PDMS). The company Momentive Performance Materials (OH,
USA), manufactures RTV 655. This polymer is manufactured to be synthesized from
two parts: part A, which is the polymer itself, and part B, which is the crosslinker. The
addition of the crosslinker is what binds the monomers together and allows the curing of
the mixture. There is a recommended ratio to be used when mixing the A and B parts:
10:1. This ensures that the finished sample of RTV 655 has its characteristic mechanical
and thermal properties as recommended by the manufacturer.
Samples were prepared using Momentive Performance Material’s RTV 655.
During synthesis, a 3 % addition of green pigment made of copper oxide was added to
create on optically opaque surface appropriate for refection studies, following methods
previously published [39]. The mixture was then continuously stirred for a minimum of
3 min. The mixture was then poured into glass molds. The molds were then placed in a
Precision vacuum oven and fully outgassed, then removed from the vacuum chamber and
cured on a 373 K hot plate for 1 hr. After curing, the polymer sample (see Figure 3.1)
was removed from the mold and cut into four 3 x 3 cm2.
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Figure 3.1: Fully cured RTV 655 undamaged
sample being prepared for cutting.

3.2 – RTV 655 Sample Preparation for Mechanical Testing
It has been shown that when RTV 655 has been cooled down to low temperatures, it
becomes stiffer. For the purpose of replicating conditions at low temperatures, two new
ratios of polymer to crosslinker were chosen: 10:2 polymer to crosslinker, and 2:1
polymer to crosslinker. To test the stiffness of the new mixtures, these samples were
cured in Teflon molds shaped according to the ASTM standard D1708-06a. The same
mixing and synthesis procedure is followed in Section 3.1.
3.3 – Synthesis of Polyurea Crosslinked Silica Aerogel monoliths
Aerogel is the lightest solid synthesized by in the laboratory, being invented by Samuel
Kistler in 1929. It can be produced from a variety of elements, such as silica, carbon, etc.
For this study, silica based aerogels are used. It should be noted that there are two main
categories of aerogels: native and crosslinked. An aerogel is not considered crosslinked
until there is the addition of another polymer strain added during the synthesis process.
12

In all other cases, it is considered native. Crosslinked silica aerogels used for this study
were synthezied from a simple mixture of methanol, deionized (DI) water,
tetramethyloxsilane (TMOS) (Sigma-Aldrich), and acetonitrile. Acetonitrile, DI water,
and methanol act as a solution for the TMOS to work in while TMOS acts by solidifying
the gel.
Polyurea Crosslinked Silica Aerogels (PCSA) were synthesized by using a
mixture of methanol, TMOS, DI water, and 3-aminopropylsiline (Sigma-Aldrich). Quick
timing was needed due to the quick solidification process of the mixture. Once in
beakers, the mixture was topped off with methanol to prevent drying. The then cylinder
shaped aerogels were washed in several baths of acetonitrile for 12-24 hrs. After several
successful baths, Desmodur N3200 (Bayer) was added to the next acetonitrile bath.
Desmodur contains polyurea, which acts as the crosslinking agent. Once desmodur was
added to the next acetonitrile bath, the aerogels and the bath were placed in a 343 K oven
for 72 hrs to allow for crosslinking. After 72 hrs, the desmodur-acetonitrile bath was
replaced with 4 more pure acetonitrile baths. The purpose of the baths is to remove all
traces of methanol from the aerogels, and also to rid the aerogels of the desmodur
solution added later in the synthesis process. Once the baths are completed, the samples
were dried via a critical point dryer, using carbon dioxide to flush out the remaining
acetonitrile from the aerogel samples.
To begin the drying phase, the aerogels were placed in a new bath of acetonitrile.
The bath was placed inside the chamber of a Polaron critical point dryer, and properly
sealed. Using a PolyScience LS5 water circulator, the chamber was chilled to about
288K. This temperature is chosen for when the pressure inside the chamber rises, the
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CO2 will be in its liquid phase. Liquid CO2 was inserted into the chamber via a valve on
top of the chamber, until the pressure inside the chamber reached 750 psi. The CO2 then
entered its liquid phase. The CO2 was then flushed out of the chamber, allowing the
acetonitrile bath of flow out as well. This process was repeated, on average, 4 times,
until all the acetonitrile was evacuated from the chamber, and fully replaced with liquid
CO2. The temperature of the chamber was then raised to about 313K, and the pressure
thus rising to about 1400 psi. At this combination of pressure and temperature, the CO2
is in the supercritical fluid state. Once this stage was successfully reached, the outgassing
valve was slowly opened, allow the CO2 to escape the chamber at a slow rate as a gas.
Once the chamber was successfully emptied of all CO2, the synthesis process of PCSA
was complete.
3.4 – Preparation of PCSA Particles
PCSA particles were prepared by cutting 2 mm thick circular disks from aerogel
cylinders synthesized in Section 3.2. Initially, the disks were ground into particles using
a manual handheld nail homogenizer. It was detected that during the grinding stage,
metallic fragments from the nails in the homogenizer contaminated the PCSA particle
mix and as a result was considered an unreliable method for creating microparticles.
Next, an Ika A11 Basic pulverizer with a titanium blade was used for pulverizing PCSA
cylinders. Only particles with diameters greater than 300 m were used for this study.
3.5 – RTV 655/PCSA Compound Sample Preparation
In the near future, an orbital fuel tank may be produced which combines both RTV 655
and aerogels. The addition of PCSA particles in this study is to, as best as possible,
replicate a finished product. Thus the optical test can be determined to be a feasible
14

method of detecting damage on the final component. Pigmented RTV 655 mixture was
poured onto the PCSA particles mentioned in Section 3.3 to prevent loss of materials, and
the mixture was then continuously stirred for at least three minutes. The mixture was
then poured into 90 mm diameter petri dish. These molds were placed in a Precision
vacuum chamber to extract the air trapped in the mixture. Once fully outgassed, the
molds were removed from the vacuum chamber and placed on a 373K hot plate for 1 hr
to cure. After curing, the RTV 655 was removed from the mold and cut into 3 x 3 cm2.
Final product is shown in Figure 3.4. To replicate a finished, in production material, the
small squares were placed on a spin coater. By using the spin coater, a small layer of
pigmented RTV 655 was added to the top of the mixed sampled, thus covering up
exposed PCSA particles. To determine the best method of spin coating, each sample was
subjected to a different RPM. Three RPMs were chosen: 300, 1200, and 1400. Equal
amounts of pigmented RTV 655 were poured onto each sample during spinning.
Spinning lasted for one minute. Sample images shown in Figure 3.2.

15

(b)
(a)
(c)

Figure 3.2: Samples used in spin-coating. (a) Is from 300 RPM.
(b) is from 1200 RPM, and (c) is from 1400 RPM. Note aerogels
are still protruding in samples (b) and (c) after spin-coating.

3.6 – Surface Damage Simulation
During application, the cryogenic fuel tank will be exposed to many conditions and
obstacles that may damage its surface. Debris such as comets and dust constantly fly
through space. There is also an exposure to large temperature gradients. Due to these
conditions, a non-invasive damage detection method is preferred so not to damage the
surface of the tank further. Thus the speckle contrast measurement was chosen. Due to
its history of being applied to mainly surface roughness and not damage, whether the
technique can differentiate the two must be determined. To determine if surface
roughness can be differentiated from surface damage, simple damages were made on the
surfaces of RTV 655 and the compound samples. The damages chosen were (a) slits and
(b) punctures. These were chosen due to the simplicity of their creation and the tools
available, and their resemblance to damage incurred from impacts from space debris. For
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the slits, a simple laboratory scalpel was used. For the puncture, a pipette tip, shown in
Figure 3.3, was used.

(a)

(b)

Figure 3.3: (a) Pipette tip used to create puncture damage, followed by (b)
punctured sample.
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(a)

(b)

Figure 3.4: Compound sample (a) before and (b) after
cutting.
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Chapter 4: Experimental Setup and Measurement Methods
4.1 – Room Temperature Experimental Setup under Ambient Conditions
For this experiment, a 50mW He-Ne laser with wavelength 632.8 nm was set an angle of
44° with respect to the normal mounted on an optical bench in a dark room. The beam
was then reflected off a sample that was placed in a custom-made stretcher. Originally, a
lens with a focal length of 150 mm was in place between the laser and the sample, in an
attempt to narrow the diameter of the beam as it became incident to the surface of the
sample. The narrowing worked, but due to irregularities of the pictures obtained of the
interference patterns, as seen in Figure 4.1, the lens was discarded.

(b)

(a)

Figure 4.1: (a) Diffraction pattern of reflected beam after incidence beam
passed through a lens with focal length of 150mm. (b) Diffraction pattern
of reflected beam with the removal of the lens.
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The distance from the laser to the point of reflection on the sample was 11.5 cm.
The reflected beam was then incident with a 250 x 250 mm2 grit ground glass diffuser
purchased from Edmund Optics. The screen was kept a distance of 28 cm away from the
sample. All distances listed were chosen due to the constraints of the length of the
available optics table. The acquisition system was composed of an Epix SV2112 Color
CCD camera and its corresponding acquisition software. The CCD camera was set up 84
cm away from the screen. Full diagram is seen in Figure 4.2. The sample and the
stretcher were placed on a micron stage with a 10 m step increment.

He-Ne Laser
Screen

CCD Camera

Sample

11.5 cm

28
cm
84 cm

Figure 4.2: Schematic diagram of experimental setup for ambient temperature
testing.
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4.2 – Low Temperature Experimental Setup
In order to simulate the conditions outside of the atmosphere it was important to assess
the feasibility of this method at lower temperatures. Therefore, attempts were made to
cool the samples to simulate conditions in space. As the temperature decreases, it has
been shown that RTV 655 becomes much stiffer. Initially, samples were submerged into
liquid nitrogen (LN2), and brought to the sample stand. However, due to the humidity of
the environment, condensation formed rapidly on the surface causing much diffraction
and scattering. Figure 4.3 demonstrates what was seen.

Figure 4.3: Example of scattered light off a surface
with frozen condensation.
It was then decided since a setup was lacking the ability to utilize LN2, a stiffer material
could be made by increasing the amount of crosslinker added to the synthesis of RTV
21

655 as stated in Section 3.2. This was done to perform a mechanical test to verify the
increased stiffness using a Mark 10 table top tensile tester. It was shown, however, that
the stiffness increase of the 10:2 mixture was negligible.
4.3 – Experimental Setup inside an Environmental Chamber
To solve the problem encountered in Section 4.2, the setup was moved inside a Tenny
environmental chamber model TJR. A fiber optic patch chord purchased from ThorLabs
was used to guide the laser into the chamber, which was then reflected off the sample and
onto the camera lens. A diagram of the setup inside the TJR is shown in Figure 4.5,
along with photos of the inside and outside of the chamber (Figure 4.4). Before
measurements could be performed with the setup inside the TJR, it had to be determined
whether or not there was sufficient amount of intensity leaving the opposite end of the
optical fiber. To do this, it must be shown the distance that the beam collimator that
focuses the beam into the fiber performs correctly and optimally no matter what distance
it is placed from the laser. The first collimator was placed, initially, directly in contact
with the laser. The collimator at the other side of the fiber was placed directly into the
lens, shown in Figure 4.5. After 3 photos were taken from the first position, the
collimator was moved away from the laser by 2 cm. This process was repeated for a total
of 30 cm.

22

Fiber Optic
Cable

Laser
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Figure 4.4: Optical setup outside and inside the
TJR environmental chamber.
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Figure 4.5: Test setup for determining fiber optic intensity distance dependence.
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4.4 – Experimental Procedure
For baseline purposes, an undamaged sample, not placed in the custom-made stretcher,
was scanned across the majority of its surface. To perform this scan, the sample was
placed where the beam was incident to a corner of the sample. The sample was translated
0.125 mm between each picture. Once the sample was translated 30 mm across the
sample, the stage was translated 4 mm in the y-direction. The entire process was
repeated until 16 mm was covered in the y-direction. Before data collection and inserting
the sample into the stretcher, the sample was cleaned with isopropyl alcohol to remove as
much contamination as possible. During data collection, the laser beam was initially
reflected off an undamaged portion of the sample. Using the micron stage, the sample
was translated 4.5 mm in the x-direction in 0.125 mm increments. These increments were
chosen due to limitations of the experimental setup. After each increment, a photo of the
incident interference pattern on the screen was collected. Once a total of 37 photos were
acquired, the stage was reset to its default position. The sample was then, using the
custom-made stretcher stand, stretched in the direction perpendicular to the laser 0.7 mm
(Figure 4.6).
The photo acquisition process was then repeated as with the non-stretched sample.
The sample was then stretched another 0.7 mm once that was completed, for a total strain
on 1.4 mm felt by the sample (Figure 4.7). To analyze the speckle contrast, the photos
were converted to a gray scale, which gives the intensity value of each pixel. With the
intensity known, the speckle contrast was calculated. All measurements were done at
atmospheric pressure.
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For the setup inside the TJR, the sample was not moved on a transitional stage
due to not opening the environmental chamber during cycling. Thus the sample was
placed with its damage directly under the laser beam. Multiple pictures were taken of the
beam reflected off the damage and onto the screen, and the camera capturing the
diffraction patterns on the screen. Speckle contrast was then calculated using Matlab.

Direction of
stretching

Figure 4.6: Sample positioned in custom stretcher.
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Figure 4.7: Close up view of sample under 4.6 %
strain. Location of damage is circled and
indicated with an arrow.
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Chapter 5: Results and Discussion
5.1 – Speckle Contrast Measurements for an Undamaged Surface of RTV 655
5.1.1 – Verification of Steady Laser Source
This section discusses the measurements taken from an undamaged surface. The speckle
contrast measurements for the undamaged sample, with the laser positioned at one
location on the sample, at room temperature are shown in Figure 5.1 as a function of each
photo. This was done to test the sensitivity of the speckle contrast image analysis
technique. The data collected shows that the waves of the laser, if they are interfering
with each other at all, are not affecting the speckle contrast measurements. Thus the
speckle contrast measurements are not hindered by an unsteady laser source.
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Figure 5.1: Speckle contrast values for one point on an undamaged surface used
for verification of a steady laser source.
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5.1.2 – Speckle Contrast Measurements for an Undamaged Surface
On the same sample tested from Section 5.1.1, four rows were scanned with the laser.
The purpose of this was to see how sensitive the speckle contrast measurements were in
regard to natural preexistent surface irregularities of an undamaged sample. Figures 5.3a,
5.3b, 5.3c, and 5.3d showcase the sensitivity of the laser speckle contrast image analysis
technique in terms of a non-damaged surface. Figure 5.2 displays the paths taken across
the surface of the sample. Figure 5.3a show distinct drops in the contrast of the image 10
along the x-axis of the sample. Since no damage is present, this must be attributed to
surface roughness. Theoretically, it is possible simple surface roughness would be
enough to cause enough interference and path differences to alter the contrast of the
image. Figure 5.3b showcases the speckle contrast of row 2 of the undamaged sample.
This part of the sample does not show any large change in the speckle contrast overall.
Figure 5.3c shows the speckle contrast for row 3. Results of said figure are very similar
to row 3. Figure 5.3d shows even more change in the speckle contrast of row 4 of the
undamaged sample, indicating there is some sort of surface roughness there altering the
wavefronts of the incident beam. Speckle contrast up to 10 mm traversed hovered
between 0.7 and 0.8, leading up to a sharp decrease as 15 mm distance across the surface
was approached. Trendlines are added to aid in noting overall decreases and increases,
and hold no mathematical purpose.
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4
3
2
Row 1

Figure 5.2: Diagram of the paths taken across the
surface of an undamaged portion of RTV 655.
Each row is spaced apart by 4 mm.
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(a)

(b)

(c)

(d)

Figure 5.3: Speckle contrast measurements for several rows of an undamaged
sample. (a) Showcases row 1, (b) shows row 2, (c) for row 3, and (d) for row 4.
The straight line represents increasing or decreasing trends for each graph.

5.2 Surface Roughness Evaluation of RTV 655
5.2.1 AFM Analysis of the Surface
To understand the roughness that was causing the decrease in speckle contrast, several
attempts were made to try and quantify the roughness. First, surface roughness
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measurements were carried out using a Nanosurf easyScan 2 AFM operating in tapping
mode at several points on the surface of the sample. The result of the AFM showed
minute surface deviations on the scale of several nanometers. This leads to the
conclusion that minute changes in the topography of the surface are enough to deviate the
speckle contrast measurements. Figure 5.4 shows the topography measurement made
with the AFM.

Figure 5.4: Topological map of RTV 655 undamaged surface obtained
via AFM. The map and corresponding color code show shallow troths
over the surface.
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Next, an ellipsometer was used to evaluate the surface roughness, but due to technical
difficulties, this technique yielded no results.
5.2.2 – Surface Investigation by means of Profilometer
A Mitutoyo SJ-210 Profilometer was purchased to further study the natural surface
roughness of the cured RTV 655. The profilometer works by moving a pen across the
surface of interest in a linear fashion, and any undulations due to roughness of the surface
are recorded. Accurate readings of the surface roughness, however, were not able to be
recorded. The soft behavior of RTV 655 caused to pen to cling to the sample during
testing and the pen itself formed indentions on the surface is it was moving across the
surface, leading to non-repeatable results as seen in Figure 5.5.
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Figure 5.5: Surface roughness plot obtained from Profilometer
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5.3 – Speckle Contrast Measurements for Sample with 2 mm Slit
Figure 5.6 shows the speckle contrast when scanning the sample with the 2mm cut sitting
in the stretcher, with no strain on the sample. As the laser traversed the first 1.5 mm
across the surface, the speckle contrast is seen to increase. This is due to the clamp of the
stretcher creating a rough surface around the clamping area. The contrast is then seen to
decrease by a factor of 0.3, indicating the location of the crack. As the beam left the
location of the crack, the speckle contrast is shown to no longer show deviations. Figure
5.7 shows the speckle contrast measurements when the laser was traversed across the
sample with the 2 mm cut. The sample was stretched a total of 0.7mm. Due to the clamp
of the stretcher deforming the surface as it was both clamped and pulled, the speckle
contrast behaves differently compared to when the sample was not stretched. The
contrast is shown to decrease even before reaching the crack. The lowest contrast
measurement, 0.2283, occurs with the laser directly over the crack. And as before when
the sample was not stretched, the contrast returns to a steady, non-changing value over
the course of the rest of the scan. Figure 5.8 shows the speckle contrast when the laser
was traversed across the sample with the 2 mm cut and the sample was stretched a total
of 1.4 mm. The behavior of the speckle contrast varies once again the more the sample
was strained. There is an immediate decrease in contrast as the scan begins, due to the
increased deformation caused by the clamps. The contrast dropped to a value around 0.2
at a travel distance of 1mm, and stayed at that value till the laser passed over the crack,
which was located 2.5 mm away from the starting position. Once the laser passed over
the crack, the contrast began to increase, as it did before.
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Figure 5.6: (a) Measured speckle contrast of sample with 2 mm slit. (b)
The corresponding interference pattern. (c) Damage location.
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Figure 5.7: (a) Measured speckle contrast of sample with 2 mm slit and
2.3 % strain. (b) The corresponding interference pattern.
(c) Damage location.
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Figure 5.8: (a) Measured speckle contrast of sample with 2 mm slit and
4.6 % strain. (b) The corresponding interference pattern. (c) Damage
location.
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5.4 – Speckle Contrast Measurements for Sample with 5 mm Slit
Figure 5.9 shows the measured speckle contrast when scanning the sample with the 5mm
cut sitting in the stretcher, with no strain on the sample. As the laser traversed the first
1.5mm across the surface, the speckle contrast is seen to be constant. Deformation
caused by the clamps goes unnoticed here. The contrast is then seen to decrease by a
factor of 0.3, indicating the location of the crack at 2.25 mm from the starting position.
As the beam left the location of the crack, the speckle contrast is shown to no longer
show deviations. Figure 5.10 shows the speckle contrast measurements when the laser
was traversed across the sample with the 2 mm cut stretched a total of 0.7mm. Due to the
clamp of the stretcher deforming the surface as it was both clamped and pulled, the
speckle contrast behaves differently compared to when the sample was not stretched.
The contrast is shown to decrease even before reaching the crack. The lowest contrast
measurement, 0.2500, occurs with the laser directly over the crack. And as before when
the sample was not stretched, the contrast returns to a steady, non-changing value over
the course of the rest of the scan. Figure 5.11 shows the speckle contrast when the laser
was traversed across the sample with the 5mm cut and the sample was stretched a total of
1.4 mm. The behavior of the speckle contrast varies once again the more the sample was
strained. There is an immediate decrease in contrast as the scan begins, due to the
increased deformation caused by the clamps. The contrast dropped to a value around 0.2
at a travel distance of 1 mm, and stayed at that value till the laser passed over the crack,
which was around 2.5 mm away from the starting position. Once the laser passed over
the crack, the contrast began to increase, as it did before.
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Figure 5.9: (a) Measured speckle contrast of sample with 5 mm slit and
relaxed. (b) The corresponding interference pattern. (c) Damage location.
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Figure 5.10: (a) Measured speckle contrast of sample with 5 mm slit and
strained 2.3 %. (b) The corresponding interference pattern. (c) Damage
location.
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Figure 5.11: (a) Measured speckle contrast of sample with 5 mm slit and
strained 4.6 %. (b) The corresponding interference pattern. (c) Damage
location.
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5.5 – Speckle Contrast Measurements for Sample with 8 mm Slit
Figure 5.12 shows the speckle contrast when scanning the sample with the 8mm cut
sitting in the stretcher, with no strain on the sample. As the laser traversed the first 1.5
mm across the surface, the speckle contrast is shown to decrease. This is due to the
clamp of the stretcher creating a rough surface around the clamping area. The contrast is
then seen to decrease at the 2 mm location, which was the location of the crack. As the
beam left the location of the crack, the speckle contrast is shown to decrease again. This
is attributed to the stretching of the surface while the sample is under strain. Figure 5.13
shows the speckle contrast measurements when the laser was traversed across the sample
with the 8mm cut, strained a total of 0.7 mm. Due to the clamp of the stretcher
deforming the surface as it was both clamped and pulled, the speckle contrast behaves
differently compared to when the sample was not stretched. The contrast is shown to
decrease at the 2 mm location of the crack, but continues decreasing as it passes over the
crack. The lowest point of contrast is at the 3 mm mark, well after the crack. Figure 5.14
shows the speckle contrast when the laser was traversed across the sample with the 8 mm
cut and the sample was stretched a total of 1.4 mm. The speckle contrast in Figure 5.13
never regains optimum values. This was due to the interference pattern being so large it
escaped the field of view of the camera.

42

1
0.9
Speckle Contrast

0.8
0.7
0.6
0.5
0.4
0.3
0.2

(a)

0.1
0
0

1

2
3
Distance Across Sample (mm)

4

5

No Strain = Relaxed
Sample

8 mm

5 cm

(b)

(c)

Figure 5.12: (a) Measured speckle contrast of sample with 8 mm slit and
relaxed. (b) The corresponding interference pattern. (c) Damage location.
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Figure 5.13: (a) Measured speckle contrast of sample with 8 mm slit and
strained 2.3 %. (b) The corresponding interference pattern. (c) Damage
location.
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Figure 5.14: (a) Measured speckle contrast of sample with 8 mm slit and
strained to 4.6 %. (b) The corresponding interference pattern. (c) Damage
location.
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5.6 – Speckle Contrast Measurements for Damaged Compound Sample
Figure 5.15 shows the measured speckle contrast taken from a sample that had no
physical defects on the surface. As the laser traversed the surface of the sample, the
speckle contrast is shown to decrease slowly. This is attributed to the surface roughness.
The addition of the trend line addresses the slowly decreasing speckle contrast. Figure
5.16 is data collected from the composite sample placed in the stretcher with no strain.
As the laser traversed the path across the defect, a slit, it is shown to decrease the most
near 2.5 mm into the path. This was the location of the defect made. After passing over,
the contrast returns to near its original value. Figure 5.17 shows the speckle contrast for
the composite sample strained 0.7 mm. The straining of the sample altered original
speckle contrast measurements, showing an increase in contrast as the beam entered the
middle area of the sample. There is a sharp decrease in contrast at 2.5 mm, showing the
location of the crack. The contrast rises again, and then is seen to fall due to roughness of
the surface. Figure 5.18 shows the measure speckle contrast from the damaged
compound sample strained 1.4 mm. The behavior is very similar to that in Figure 5.16.
The lowest contrast measurement is found at the traversed point of 2.5 mm, indicating the
location of the damage.
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Figure 5.15: Plot of speckle contrast vs distance traversed across sample.
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Figure 5.16: (a) Measured speckle contrast of compound sample with
6mm slit and relaxed. (b) The corresponding interference pattern. (c)
Damage location.
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Figure 5.17: (a) Measured speckle contrast of compound sample. (b)
The corresponding interference pattern. (c) Damage location.
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Figure 5.18: (a) Measured speckle contrast of compound sample
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Damage location.
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(c)

5.7 – Speckle Contrast Measurements for Sample with Puncture Damage
Figure 5.19 is the plot of speckle contrast vs. distance traversed across the sample’s
surface with the laser passing over the damage when the sample was subjected to no
strain. The contrast maintains a constant value until the beam began to encounter the
damage. The data shows that the damage occurs 2.5 mm away from the starting position
of the laser. The profile of the contrast is quite similar to that of the 2 mm slit
encountered earlier. Figure 5.20 shows the profile of the speckle contrast as the laser
passes over the puncture while strained 0.7 mm. Once again, the damage can be clearly
located at 2.5 mm away from the laser’s starting position. The profile of the contrast
though is once again similar to that of a slit shown earlier. Figure 5.21 shows the speckle
contrast measured while the sample was strained a total 1.4 mm. The speckle contrast is
shown to begin decreasing earlier than the other two scenarios. Once the contrast has
reached a minimal value, the laser is well past the original 2.5 mm position. It is now
located at the 3 mm mark. This location spot of the damage is contrary to the previous
two measurements.
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Figure 5.19: (a) Measured speckle contrast of sample with puncture
damage and relaxed. (b) The corresponding interference pattern.
(c) Damage location.
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Figure 5.20: (a) Measured speckle contrast of sample with puncture
damage strained to 2.3 %. (b) The corresponding interference pattern.
(c) Damage location.
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Figure 5.21: (a) Measured speckle contrast of sample with puncture
damage and strained to 4.6 %. (b) The corresponding interference
pattern. (c) Damage location.
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5.8 – Speckle Contrast Measurements for Sample within TJR
The results showing how the intensity of the beam changes as a function of the distance
the fiber optic patch chord is from the laser is shown in Figure 5.22 that the speckle
contrast of these images hovered around a value of 1, with little deviation. This presents
the message that the same amount of intensity can be obtained whether the collimator that
focuses the beam into the fiber can be placed at any point away from the exit point of the
laser.
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Figure 5.22: Plot of measure speckle contrast as a function of the distance
between the beam collimator and the exit point of the laser.

55

30

5.9 – Speckle Contrast Measurements for Sample in TJR at Room Temperature
Figure 5.23 shows the speckle contrast measurements as a function of different strains at
room temperature, 22°C, with the laser exiting the fiber optic beam collimator and
reflecting directly off the damaged portion of the RTV 655 sample. At room temperature
and no strain, the speckle contrast is shown to maintain a constant value as the sample is
strained. This differs from previous results. Previous section show the speckle contrast
of the reflected beam off the damaged portion tends to decrease as the sample is
consistently strained. Speckle contrast values are lower compared to previous sections
due to loss of beam intensity as it passed through the fiber optic cable and the two
collimators at each end. The loss in intensity of the beam seems to lower the detail of the
crack which previous images were able to record.
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Figure 5.23: Speckle contrast measurement of sample with 2mm slit in TJR at
22 C
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5.10 – Speckle Contrast Measurements for Sample in TJR at High Temperature
Figure 5.24 shows the speckle contrast measurements as a function of different strains at
an environmental temperature of 40°C. This was the highest temperature possible to
achieve due to the limitations of the camera. The sample from which these were
measured was the RTV 655 sample with the 2 mm slit used in Section 5.8. As the sample
was heated to the temperature of the TJR, the speckle contrast maintains a similar value
compared to when the sample was at room temperature. As the sample is strained, the
speckle contrast seems to hover around a constant value. The trend line added to Figure
29 supports that with an increase in temperature, the profile of the crack shows no
change, thus leading to a constant speckle contrast value. This is once again attributed to
the loss in intensity of the beam as it passes through the fiber optic cable.
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Figure 5.24: Speckle contrast of RTV 655 with 2 mm cut measured at 40C
inside the TJR
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5.11 – Speckle Contrast Measurements for Sample in TJR at Low Temperature
Figure 5.25 shows the speckle contrast measurements as a function of different strains at
an environmental temperature of 0°C. This was the lowest temperature possible to
achieve due to the limitations of the camera. The sample from which these were
measured was the RTV 655 sample with the 2 mm slit used in Section 5.8. As the sample
was cooled to the temperature of the TJR, the speckle contrast maintains a similar value
compared to when the sample was at room temperature. As the sample is strained, the
speckle contrast is shown to decrease. The trend line added to Figure 30 supports this.
With a decrease in temperature, the diffraction pattern seen on the computer showed no
difference detectable to the naked eye. Yet the speckle contrast was shown to slightly
decrease when calculated. This is attributed to slight condensation appearing on the
beam collimator over time due to opening the TJR to adjust the strain on the sample.
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Figure 5.25: Speckle contrast of RTV 655 with 2 mm cut measured at 0C
inside TJR
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Chapter 6: Conclusion and Suggestions for Future Work
The feasibility of using a speckle contrast image analysis technique for detection of
surface defects has been tested. Various damaged samples at various temperatures and
strain magnitudes were studied in hopes to simulate possible damages and environments
a future orbital cryogenic fuel tank might experience. Diffraction patterns formed by
illuminating simulated surface damage on a pigmented (opaque) RTV 655 and aerogel
impregnated RTV 655 were studied under different environmental conditions. From this
study, it is concluded that speckle contrast imaging is indeed sensitive to nanometer scale
surface height variations and can identify presence of defects and comparative scale
variation; it would require a 3-D mapping to provide more information than has already
been obtained in this work. It is also clear that as the percentage of strain increases the
speckle contrast evaluation becomes more reliable in identifying existence of surface
abnormalities. Speckle contrast however cannot distinguish between different shapes and
geometries of surface defects as established by comparing the profile of a linear versus
circular defect. The interference patterns formed as a result of illuminating the defects by
a monochromatic source does however provide information on the geometry of the defect
and is therefore recommended as a complimentary detection mechanism In practice, this
is impractical due to RTV 655 having rapid crack propagation. Ideally, damage will want
to be detected before extreme amounts of strain are preset.
Future work will focus on connecting the amount of surface roughness present to
the amount by which the speckle contrast changes. 3-D mapping should be used to better
understand the surface. Also, another technique must be developed which can
differentiate speckle contrast differences due to varying types of damage.
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